Lattice distortions and oxygen vacancies produced in Au + -irradiated nanocrystalline cubic zirconia
Yttria-stabilized zirconia is used as an oxygenion-conducting solid electrolyte in many devices, such as sensors and solid oxide fuel cells, due to its extraordinary oxygen transport properties, which are attributed to an oxygen vacancy mechanism [1] . The stabilization of zirconia with an aliovalent compound such as yttria (Y 2 O 3 ) serves a dual purpose in the system. First, pure zirconia exists in three different thermodynamically stable polymorphs at atmospheric pressure: a monoclinic phase at temperatures below 1400°C, a tetragonal phase at temperatures of 1400-2600°C and a cubic phase at temperatures above 2600°C. The cubic phase is the most interesting phase as an engineering material due to its isotropic expansion at various temperatures. By doping the zirconia with an aliovalent compound with concentrations of $8-10 mol.% [1] [2] [3] [4] [5] , the cubic phase of zirconia is stabilized at the temperatures typically experienced during the operation of oxygen sensors and fuel cells through the introduction of structural oxygen vacancies into the lattice. Secondly, the oxygen vacancies that serve to stabilize the zirconia also lead to the fast oxygen ion conductivity desired in many applications [2, 3] . However, studies have shown that increase of the dopant concentration greater than $10 mol.% reduces the ion conductivity [6, 7] . This reduction in ion conductivity has been suggested to occur as a result of numerous mechanisms: phase transformation to the tetragonal phase of ZrO 2 , precipitation of ordered phases such as Y 2 Zr 2 O 7 , formation of microdomains, segregation of yttria to grain boundaries, and short-range ordering arising from the trapping of oxygen vacancies by the dopant cations [8] . Therefore the ion conductivity in stabilized zirconia films is maximized when doping with concentrations of $8-10 mol.%. It is therefore of technological interest to improve the oxygen ion conductivity in zirconia by introducing a high concentration of oxygen vacancies without the introduction of stabilizing elements.
Nanostructured materials, i.e. those having grain sizes well below 100 nm, are leading a technological revolution. This is in part due to their exceptional size-dependent chemical, physical, optical and electrical properties compared to those of their micron-sized polycrystalline and single crystal counterparts [9] [10] [11] [12] [13] . Nanostructured materials are therefore attracting significant interest for use in a wide variety of applications, such as catalysts, advanced nuclear energy systems, solar cells, membranes, oxygen sensors and solid oxide fuel cells.
Recently, it has been demonstrated that it is possible to produce nanocrystalline tetragonal or cubic zirconia that is thermodynamically stable at atmospheric pressures without the addition of stabilizers [10, 13, 14] , i.e. they are nanostructurally stabilized. Furthermore, the grain size of pure cubic nanostructurally stabilized zirconia (NSZ) films can be tailored by varying the ion dose during energetic, heavy ion irradiation [14] . Moreover, a significant loss of oxygen is also reported, suggesting the production of oxygen vacancies as a result of the irradiation [14] . Thus it may be possible to tailor the oxygen vacancy content, and hence the oxygen ion conductivity, in cubic NSZ by ion irradiation that could lead to much higher ionic conductivity than that obtained in dopantstabilized zirconia films, where the conductivity is often limited by the interactions between the oxygen vacancies and the stabilizing elements, as described previously. This would serve to improve the reliability and heat management of solid oxide fuel cells, e.g. by enabling a lower operating temperature.
To date, most research has focused on radiation processes (primarily heavy ion irradiation) in either partially-or fully stabilized zirconia as single crystals or with micron-sized grains, or on nanograined ZrO 2 that are either embedded in a foreign matrix or as free-standing particles [15] [16] [17] . The work presented here examines the effect of heavy ion irradiation on NSZ with a view to understanding the defect production, saturation and evolution of oxygen vacancies, and how this impacts the unit cell structure.
Thin films, approximately 300 nm thick, of NSZ in the cubic phase with initial grain sizes of 5-10 nm have been grown on top of a (0 0 1) Si substrate using an ionbeam-assisted deposition technique [10] . These films have previously been shown to be structurally stable up to temperatures of 1123 K [5, 10] . The films were then irradiated with 2 MeV Au + ions at a temperature of 160 or 400 K over a range of doses up to $35 displacements per atom (dpa). The energy was chosen such that the energy deposited into the film was maximized whilst minimizing the number of ions implanted into the film. Subsequent to the irradiation, samples were analyzed using the complimentary techniques of glancing incidence X-ray diffraction (GIXRD) and cross-sectional transmission electron microscopy (XTEM). The GIXRD was performed using Cu K a1 X-rays. Specimens to be examined using XTEM were prepared by tripod polishing followed by ion milling to perforation using a Gatan PIPS. A JEOL 2010 transmission electron microscope operating at 200 keV was used to image the specimens.
The curves shown in Figure 1 are the GIXRD results for the 400 K samples for the as-deposited (0 dpa) sample, and those irradiated to doses of 0.7, 3.5 and 35 dpa. It can be seen that the as-deposited sample is the cubic polymorph. This is inferred by the absence of the (1 0 2) reflection at $43°, which is characteristic of the tetragonal phase. As the dose is increased up to 35 dpa, there is no peak observed at $43°, indicating that the cubic phase is retained despite the significant energy deposition to the lattice during the irradiation. The absence of the tetragonal phase is confirmed by the selected area electron diffraction (SAED) patterns obtained during XTEM, as shown in Figure 2a and b for the as-deposited sample and the sample irradiated to $35 dpa at 400 K, respectively. The SAED patterns also indicate that there is a grain-coarsening effect occurring. This is concluded from the transition of the diffuse SAED pattern in Figure 2a to a much sharper pattern with discrete diffraction spots becoming visible in Figure 2b . This grain-coarsening observation was attributed to a defect-stimulated grain growth mechanism [14] . The SAED patterns further indicate that the nanocrystalline grains are arranged in random orientations.
The inset shown in Figure 1 is a magnified view of the (1 1 1) peaks obtained by GIXRD. Two observations are immediately apparent: the narrowing of the peaks with increasing irradiation dose (dpa) and the shift in the positioning of the peaks. The narrowing of the peaks corresponds to the grain coarsening discussed earlier [14] . However, the shift in the peaks is related to a change in the spacing of the (1 1 1) planes, d 111 . This, in turn, is related to a change in the lattice parameter a (proportional to d 111 by a factor of p 3). The high-resolution micrograph shown in Figure 2c is of (1 1 1) lattice fringes from a typical grain in the as-deposited NSZ film. The lattice spacing indicated by the arrows is 2.51 Å , as calculated using a fast Fourier transform of the grain in the image. This is in close agreement with measurements obtained from the GIXRD (2.369 Å ), but is significantly lower than the theoretical value for cubic zirconia of 2.962 Å [18] . GIXRD is a more accurate method for measuring lattice spacing than high-resolution TEM and allows more grains to be sampled. Figure 3a shows the percentage difference between the d 111 spacings measured by GIXRD and the theoretical d 111 spacing as a function of dpa. Measurements of the higher order reflections gave the same results, but the (1 1 1) reflections are used here to allow for comparison with the TEM measurements. This result shows that, for the as-deposited film, there is a significant compression of the lattice from the ideal, represented by contraction of approximately À20% from the theoretical d 111 . This demonstrates that the lattice is highly stressed despite the use of Ar ions during the deposition process to relieve the stress [10] . The 400 K irradiation (open triangles and the dashed line) shows that there is a significant increase in the d 111 spacing compared to that of the as-deposited material of greater than $27% at low dpa. This indicates that there is a substantial amount of radiation induced stress relief in the system. Immediately following this stress relief phase, the d 111 spacing begins to reduce, before approaching a stable stress value of $À2%. A similar effect is observed for the 160 K irradiation (open squares, solid line), although the initial relaxation phase is not quite so dramatic as for the 400 K irradiation. Here the d 111 spacing, under 160 K irradiation, tends to stabilize at $À9%. The result in Figure 3b shows the change in overall thickness of the film, measured by XTEM, as a function of dose. It is evident that the film thickness follows a similar trend to that of the d 111 spacing measurements. These correlated events indeed indicate that ion irradiation is an efficient tool to modify and control the lattice parameter throughout the film.
Previous studies have shown that a may reduce significantly as a function of grain size for powdered nanocrystalline CeO 2 , particularly in the size range of the grains of interest here (3-30 nm) [19] . However, in the previous study, the effects of the unconstrained free surface may not be negligible. Moreover, the results shown in Figure 4a , particularly for the 160 K irradiation, show that, whilst there is a relatively large increase in grain size of $6 nm (from 23.5 to 29.5 nm) from 8 to 35 dpa, there is little, if any, change in d 111 . This demonstrates that the variation in lattice parameter observed here is a result not of the change in the grain size, but of a different mechanism altogether. To understand the mechanism by which the lattice parameter changes, the types of defect, their accumulation and saturation in the NSZ films are evaluated. Whilst different configurations of defects may be formed in zirconia, such as the oxygen interstitials and anti-site defects, by far the most common defect is the oxygen vacancy. The oxygen divacancy has been observed [20] , but only during swift heavy-ion irradiations performed at 8 K. The graph shown in Figure 4b shows that there is a significant loss of O (up to $19%) as a result of the irradiation, and hence the most likely defect to exist in significant quantities is the isolated oxygen vacancies. An ab initio study of isolated oxygen vacancies in nanocrystalline cubic zirconia [18] has shown that five different charge states of the defect may exist: V 2+ , V + , V 0 , V À and V 2À . In the same study, it was shown that the production of an oxygen vacancy could result in a change in the atom-atom distances in the neighborhood of the defect, the amount of distortion being dependent on the charge state of the defect. The distortions are: 9.3% (V 2+ ), 4.5% (V + ), À2.0% (V 0 ), À8.6% (V À ) and À9.1% (V 2À ), with positive values representing a lattice expansion, negative values a lattice contraction. The positively and neutrally charged defects are symmetrical, whilst the negatively charged vacancies are asymmetrical and hence the distortion stated above is for the maximum asymmetric displacement of the atom-atom distance.
In Figure 3a the distortions produced by the oxygen vacancies of the different charge states are overlaid. It can be seen that, as the vacancy defects begin to saturate within the nanocrystalline matrix or along the grain boundaries at an ion dose exceeding 10 dpa, three types of defects are the most likely to exist: V 0 , V 2À and V À . For the 400 K irradiation, the V 0 defect appears to be the dominant defect. For the 160 K irradiation, it is not quite so clear, with both the V 2À and V À defects producing similar distortions to the lattice; however, it suggests that these two defects may be the dominant defects at 160 K. Electron paramagnetic resonance experiments [17] performed on c-ray-irradiated monoclinic ZrO 2 has shown that the V À defect is the most likely to exist, leading to the possibility that this is the most dominant defect at 160 K. This cannot be categorically proven, however, as the difference in the crystal structures (monoclinic phase versus cubic phase) may lead to different charge states being dominant.
It is clear that there is a thermal component to the stability of the V 0 , V 2À and V À defects. As the negative charge state vacancies are not dominant at the higher 400 K irradiation, this is an indication that, at some temperature between 160 and 400 K, these defects may become mobile, leading to interaction and annihilation of the defects or neutralization to the V 0 defect. The V 0 defect is clearly thermodynamically stable at 400 K. In, conclusion it has been shown that there is a significant alteration to the lattice parameter resulting from heavy ion irradiation. The change in the lattice parameter, inferred by a change in the d 111 spacing, is due to the production and saturation of oxygen vacancies of different charge states, and the extent of the lattice distortion is dependent on the charge state of the oxygen vacancies produced. We have shown that, at 400 K, the neutral charge state oxygen vacancy, V 0 , is the dominant defect, while at 160 K the V 2À and V À charge states may be the dominant defects. These results also show that the negatively charged oxygen vacancies are not thermodynamically stable at elevated temperatures, i.e. those above 400 K.
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